is the only promoter to remain highly active long term. In a previous attempt to characterize LAP activity in vitro and in a mouse model, we showed that a 1.5-kb fragment called the long-term expression element (LTE), located immediately downstream from the transcriptional start site of LAP, was able to (i) increase gene expression in an orientation-independent manner, regardless of the cell type or the promoter used in vitro (enhancer activity) and (ii) keep LAP active during latency in vivo (long-term expression activity) (H. Berthomme, J. Lokensgard, L. Yang, T. Margolis, and L. T. Feldman, J. Virol. 74:3613-3622, 2000). To determine if these two functions could be separated genetically, we conducted a mutational analysis on the LTE and analyzed the effect on the LAP-LTE properties in both transient expression in cell culture and mouse dorsal root ganglia lytic and latent infection. In this report, we show that the first half of the LTE sequence, corresponding to the region previously described as LAP2 or exon1, encodes the enhancer function. This same region is also required to keep the LAP active during latency. These results exclude the intron region as containing any significant enhancer activity or any ability to keep the LAP active during latency. The results also show that these two functions have not been separated, leaving open the possibility that there is no long-term expression function per se but that the enhancer itself may function to keep the LAP active during latency by raising the level of expression to a detectable one. Further mutational analysis will be required to determine if these two potential functions continue to cosegregate.
The common and most intriguing property among herpesviruses is the ability to establish a latent infection in their hosts. This strategy of infection allows the virus to persist in the cell until it reactivates and produces infectious particles, making the host a perpetual reservoir for virus transmission. Following this strategy, herpes simplex virus type 1 (HSV-1), the prototype virus of the Alphaherpesviridae subfamily, is able to establish latency primarily in trigeminal ganglia in humans (36) . HSV-1 maintains latency throughout the life of the host but can periodically reactivate under conditions such as stress, fever, and UV light. To study HSV-1 latency and reactivation, several animal models have been developed, mainly in mice and rabbits. These models have proven useful for better understanding the mechanisms of establishment, maintenance of latency, and reactivation in vivo. An interesting aspect of HSV-1 latency is that only one transcription unit is abundantly expressed (7, 8, 23, 34, 41, 44, 45) , whereas expression of all the lytic genes is not detected. This transcription unit leads to the synthesis of latency-associated Transcripts (LATs) corresponding to the minor LATs and the major LATs (29, 48, 50) . The minor LATs represent a less abundant polyadenylated RNA species which is about 8.3 kb in length and is dependent on the latency-associated promoter (LAP) (2, 12, 53, 55) . The major LATs are highly abundant RNAs which are thought to be spliced from the primary minor LATs into stable introns of 1.5 and 2.0 kb (9, 13, 24, 35, 42, 49, 52) .
The LAT RNAs were first described as not essential for establishment of latency (20, 21, 25, 39, 43) . However, it was shown more recently that LAT promoter mutants not able to produce any of the LAT RNAs were in fact impaired for efficient establishment of latency (32, 38, 47) . A possible explanation for this effect could derive from a LAT antisense mechanism, as suggested previously (45) , since the LAT transcripts are complementary in part to the ICP0 mRNA (13, 23, 34, 51) . This hypothesis is corroborated by other studies showing that LAT mutant viruses were able to produce more productive-cycle gene expression during acute infection in sensory neurons in vivo (5, 15) . Thus, the role of the LAT RNAs would be to reduce immediate-early gene expression during the lytic process of in vivo infection, therefore enhancing establishment of latency. Another function mapped to the LAT region was an increased ability to reactivate from latency. In fact, several lines of evidences have shown that LAT promoter and/or LAT transcript deletion mutants were altered for reactivation from the latent state (4, 17-19, 25, 30) . One hypothesis for this activity is that a LAT RNA-associated function would preserve the integrity of the neurons until all the essential steps of reactivation are accomplished. This function could be due to an antiapoptotic effect of the LAT in reactivating infected cells (31) . Another possibility concerns a putative viral protein encoded by the LAT RNAs, which was described as a virulence factor capable of complementing growth deficiencies of immediate-early gene expression in ICP0 and vmw65 mutants (46) . As a consequence, this factor could promote reactivation and help it proceed.
Regarding the role that the LAT RNAs play during establishment of latency and/or reactivation, we are interested in understanding why LAT RNAs are highly expressed during latency, whereas all the other genes of the genome are not. This led us to study the structure of the LAT promoter responsible for the LAT RNAs' transcription during latency. The LAT promoter has been very well characterized, and several motifs have been identified in the proximal region upstream of the transcriptional start site (1, 2, 10, 14, 26, 40, 54) . More recently, we identified another region which is required for the LAT promoter to remain active long term in dorsal root ganglia (DRG) latently infected neurons (27) . This sequence, the long-term expression (LTE) element, corresponds to a 1.5-kbp fragment located immediately downstream of the LAT transcript cap site. We further showed that the LTE element contained several functions, including (i) an enhancer activity independent of the cell type or the promoter used in vitro, (ii) a promoter activity in productively infected cells in vitro, and (iii) a long-term expression activity in sensory neurons in vivo (3) . To further define the structure of the LAP and to determine if in fact these three functions colocalized to the same region or originated from different segments of the LTE sequence, we conducted a mutational analysis on the LTE element. Using transient-expression experiments in cells cultured in vitro as well as recombinant viruses in a mouse model, we were able to show that a 0.6-kb fragment, corresponding to the first half of the LTE sequence, was sufficient when associated with the LAT promoter for both enhancer and long-term expression activities. However, this same region did not allow the previously described promoter-like activity (3), suggesting that other elements were required for this function.
In a previous report, we showed that the 1.5-kb LTE sequence which is located immediately downstream from the transcriptional start site of LAP was sufficient to increase gene expression in an orientation-independent manner, regardless of the cell type or the promoter used in vitro (3) . The increase in LAT promoter expression was measured in transient-expression assays and in viral infections by inserting the entire LTE DNA fragment into an intron cassette located between the LAT promoter and the lacZ reporter gene. These data supported the idea that the LTE region contained an enhancer activity. As shown in Fig. 1A , the LTE sequence encompasses the previously termed LAP2 promoter extending from a PstI site (position 118862) to the 5Ј end of the 2.0-kb LAT (position 119461), as well as the first 837 bp of the 2.0-kb LATs (positions 119462 to 120298). Thus, we questioned whether the enhancer activity originated from LAP2, part of the LAT intron, or another smaller but unidentified region inside the LTE The overall structure of the plasmid set used in this study is composed of the LAT promoter (hatched bar), the lacZ reporter gene (stippled bar), and a synthetic intron (SD and SA sequences) with the LTE region more or less deleted. The deletions are indicated by the flanking sites of the enzymes used. B, BseAI; H, HpaI; N, NheI; Sf, SfiI; S, StyI. PHB18 contains only a LAT promoter attached to the lacZ gene, with no splicing cassette in between. (C) The four recombinant viruses KOS18, KOS22F, KOS37, and KOS39 were constructed by insertion of plasmid pHB18, pHB22F, pHB37, and pHB39, respectively, at the gC locus of the parental virus KOSdl1.8 (25) , which is deleted essentially from the PstI site to just past the HpaI site shown in panel A. Therefore, the genotype of these viruses is LAT Ϫ and gC Ϫ .
element. Despite its potential proximity to LAP2, it is important to note that the enhancer functions in the inverted direction. This excludes the possibility that the enhancer and LAP2 have identical functions. To more closely map the enhancer, we first performed a mutational analysis of the LTE element and checked the effects of these mutations on enhancer activity. We therefore constructed the plasmid set described in Fig. 1B and analyzed lacZ reporter gene expression after transfection of these plasmids into BHK (fibroblast) and ND7 (neuron) cells in culture. We constructed four internal deletions spanning the LTE element, pHB7.1, pHB8.1, pHB9.1, and pHB14.1. The activity of these plasmids in transient-transfection assays was compared to that of the full-length plasmid (pHB22F), to a plasmid containing only the LAT promoter-lacZ reporter without an LTE element insertion (pHB18), and to a plasmid containing a LAT promoter-lacZ reporter with cellular DNA inserted into the intron cassette (pHB23).
The data in Fig. 2 showed that the lacZ expression originating from plasmid pHB22F was 8 and 5 times higher in BHK and ND7 cells, respectively, than the expression observed with pHB18, as expected (3) . A ␤-galactosidase activity similar to that with pHB22F was obtained for plasmids pHB9.1 and pHB14.1. These plasmids had deletions in sequences within the LAT intron part of the LTE DNA fragment. Deletion of the StyI-StyI (pHB7.1) or the BseAI-NheI fragment (pHB8.1) resulted in a significant decrease in lacZ gene expression by 60 to 70% (pHB7.1) or by 40 to 50% (pHB8.1), depending on the cells used for transfection. These deletions were located in the part of the LTE element upstream of the LAT intron. This would seem to place the enhancer activity within the region upstream of the LAT intron. To verify this conclusion, two additional plasmids were constructed. pHB37 had a deletion encompassing the deletions in pHB7.1 and pHB8.1, spanning pHB7.1 and pHB8.1, and pHB39 carried the combined deletions of pHB9.1 and pHB14.1 Removing the entire 5Ј end of the LTE sequence (pHB37) led to a background activity which was not significantly different from that of either of the control plasmids, pHB18 (P Ն 0.15), containing no insert, or pHB23 (P Ն 0.12), containing a control, nonviral DNA insert. Thus, the enhancer activity found to be associated with the LTE fragment seemed to be reduced only partially when part of the 5Ј end of the LTE element was deleted, suggesting that the entire 5Ј half of the LTE element is required for full enhancer activity. Moreover, the StyI-NheI fragment of the LTE element seemed to be sufficient by itself to obtain the maximal level of enhancer activity (compare pHB22F and pHB39). Also, these results were obtained in a neuronal cell line (ND7 cells) as well as in fibroblasts (BHK cells), indicating that the enhancer activity associated with that region is not specific to a cell line.
We also demonstrated previously that the LTE sequence was required for long-term expression in vivo (3) . In this work, we discussed the possible meaning of having two functions in the same region. One possibility is that the enhancer and long-term functions are different. In that case, they should be genetically separable. The alternative possibility is that the functions are actually the same. We measured long-term expression by determining if a certain promoter construct can function well into latency to provide a detectable level of ␤-galactosidase activity from a lacZ reporter gene. All viral promoters, including LAP, show a decrease in activity after the first week of infection, and LAP by itself falls to a level of activity that is no longer detectable in our reporter assay system. It is conceivable that the LTE element merely acts as an enhancer to raise the baseline of LAP expression so that when it falls, it still remains functioning at a detectable level. This would mean that the LTE element and the enhancer have the same function and so could not be separated into two distinct functions by mutational analysis.
In order to determine if the 5Ј end of the LTE element, which is necessary and sufficient for the enhancer activity, also contained the LTE function, we constructed a set of four recombinant viruses. Plasmids pHB18, pHB22F, pHB37, and pHB39 were inserted into the virus at gC by cotransfection with virion DNA. These viruses were screened for insertion of the lacZ gene and plaque purified a total of five times. Their DNA structure was verified by Southern blot hybridization (data not shown). The four viruses, hereafter designated KOS18, KOS22F, KOS37, and KOS39 contained the expression units of plasmids pHB18, pHB22F, pHB37, and pHB39, respectively, inserted at the gC locus. These viruses were then used to infect BALB/c mice through the footpad of the rear limbs in order to establish a latent infection in the DRG. At 4 days postinfection (corresponding to the acute phase of infection) or at 28 days postinfection (corresponding to the latent phase of infection), mouse DRG L3 to L6 were stained with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) in situ in order to detect the level of ␤-galactosidase activity produced from the recombinant viruses.
As shown in Fig. 3 , the lacZ expression observed with KOS22F and KOS39 was similar and much higher at 4 days postinfection than the expression detected with viruses KOS18 and KOS37 (compare DRG in Fig. 3A and E with that in C and G). Most importantly, during latency we were able to detect blue neurons in DRG infected with KOS22F and KOS39 ( Fig.  3D and H ), but no activity was observed in DRG infected by KOS18 or KOS37 (Fig. 3B and F) . As shown in Table 1 , titers of KOS18, KOS22F, KOS37, and KOS39 ranged from 1 ϫ 10 4 to 2.9 ϫ 10 4 at 4 days postinfection, and as expected, no infectious virus could be recovered at 28 days postinfection. We showed previously that KOS22F does not further decrease in activity throughout latency, so that its activity at 28 days is similar to its activity at 42 and 60 days and even at 6 months postinfection. Thus, the differences in expression observed on days 4 and 28 are actual differences in levels of expression at early and at latent times. Furthermore, these differences were not due to the ability of the recombinant viruses to grow differently in vivo. Therefore, the tremendous decrease in lacZ expression from KOS37 to a level similar to that in KOS18 during acute and latent infection seemed to be due to deletion of the 5Ј half of the LTE element. Also, the presence of the StyI-NheI fragment associated with the LAT promoter (KOS39) was sufficient to restore a level of expression similar to that obtained with the entire LTE fragment (KOS22F). These data suggested that the StyI-NheI fragment contained all the elements required for both the enhancer activity observed at 4 days postinfection in neurons and the long-term expression activity detected during latency. The data also indicate that the long-term expression and enhancer functions have not been separated.
As we reported previously, the third function that is associated with the LTE region is a lytic cycle promoter function that operates only when the LTE is placed in the forward or natural direction (3) . In order to determine if the StyI-NheI fragment located within the 5Ј half of the LTE region also contained a promoter activity (besides the enhancer and long-term expression activities), we performed productive infection of cells cultured in vitro using the four recombinant viruses KOS18, KOS22F, KOS37, and KOS39. As can be seen in Fig. 4 , the level of lacZ expression obtained from KOS22F is 2.5 and 4 times higher than that obtained with KOS18 in the BHK and ND7 cell lines, respectively. These increases were both highly significant (P Յ 0.03). However, the viruses with deletions of the LTE element expressed similar levels of lacZ as in control KOS18-infected cells. For instance, the level of lacZ expression in ND7 cells infected with KOS18 was not significantly different from that with KOS37 (P ϭ 0.11) or KOS39 (P ϭ 0.44). These results suggested that each fragment, corresponding either to the 5Ј end (LAP2 region) or the 3Ј end (part of the LAT intron) of the LTE, did not contain all the elements required for the promoter activity that is detected with the entire LTE sequence.
HSV-1 is able to establish a latent infection in humans and in a variety of animal models. During the latent state, the LAT promoter is the only promoter that remains active, whereas all the other viral promoters are repressed. In an attempt to understand the molecular mechanisms leading to the LAT promoter's constitutive activity, we demonstrated in previous work that a region located immediately downstream from the LAT was necessary for that function (27) and was therefore termed the LTE sequence. Further study revealed that the LTE sequence contained three different functions, including longterm expression, enhancer, and promoter activities (3). As stated before, the LTE region is about 1.5 kb in length and corresponds to a segment of the LAT locus from positions 118862 to 120298 on the HSV-1 genome. This segment overlaps the LAP2 promoter (positions 118862 to 119461) and part of the 2.0-kb LAT intron (positions 119462 to 120298). The aim of this present work was to more precisely map the different functions associated with the LTE region and to determine if the long-term expression and enhancer functions could be separated. We first used transient expression in cell culture and showed that deletion of the 5Ј end of the LTE sequence led to complete loss of the enhancer function. Other, smaller deletions within this segment resulted in only a partial decrease in enhancer function, suggesting that several elements spanning the entire StyI-NheI fragment are required for full enhancer activity. These results were further confirmed, since the StyI-NheI fragment associated with the LAT promoter was sufficient alone to restore the maximal level of gene expression. Therefore, our data strongly suggest that the enhancer activity is located over the entire LAP2 region and is not associated with the 2.0-kb LAT intron part.
Previous studies have assigned different functions to the LAP2 region. First, the LAP2 sequence has been described as a promoter that is highly active during the productive infection, but its intrinsic contribution to the expression of the LATs during latency is not significant (6) . Second, deletion of a segment within the LAP2 promoter, extending from positions 119007 to 119355, led to a decreased ability of the mutant virus (termed 17⌬348) to reactivate following epinephrine-induced iontophoresis into the cornea in a rabbit model (4) . Interestingly, in that study, three smaller and nonoverlapping deletions inside this 348-bp region were not sufficient alone to reduce the epinephrine-induced reactivation. Instead, all recombinant viruses were able to reactivate with wild-type efficiency, suggesting that the smaller deletions within the 348-bp region did not individually remove the segment required for the reactivation process. With respect to our work, the StyI-NheI deletion removed the entire 348-bp region described by Bloom and colleagues, whereas the StyI-StyI and BseAI-NheI deletions removed only 243 and 250 bp, respectively. Therefore, there is a strong correlation between the epinephrine-induced reactivation process, which depends on the entire 348-bp region, and the enhancer activity, which required the StyI-NheI fragment. One hypothesis to correlate these two activities is that the enhancer function leads to increased expression of the LAT intron during the few days following primary infection, as described previously (3) . This transient increase in LATs could favor latency establishment by reducing synthesis of the immediate-early gene ICP0 (15) , thereby limiting the productive infection. As a consequence, the reactivation potential would be augmented, since it has been shown that there is a strong correlation between the number of latent sites and reactivation (37) .
In order to determine if the region required for full enhancer activity (i.e., the LAP2 region) was also sufficient for the long-term expression function associated with the whole LTE sequence, we performed in vivo experiments in a mouse model using recombinant viruses. In these experiments, we showed that the LAP2 portion of the LTE region, associated with the LAT promoter, was very capable of constitutive expression during latency. Therefore, both the enhancer and the long-term expression activities colocalized to the LAP2 sequence. In a previous report, we could not determine if the enhancer and long-term expression functions were identical or separate entities. The fact that the two activities colocalize to the LAP2 region suggests that they may be the same function, FIG. 4 . Histogram representing the ␤-galactosidase activity originating from infections of cells in culture. The four viruses KOS18, KOS22F, KOS37, and KOS39 were used to independently infect BHK (A) and ND7 (B) cells grown to near confluence in 60-mm dishes at a multiplicity of infection of 10 PFU per cell. Once total cytopathic effect was achieved (2 to 3 days), cells were harvested and lysed, and ␤-galactosidase activity was determined in the cellular extracts using the in vitro chlorophenol red-␤-D-galactopyranoside assay. Three independent experiments were performed, and the average means of these values are indicated as a percentage of the activity in KOS22-infected cells. but more mutations must be analyzed before a firm conclusion can be reached. Finally, we also tried to map the lytic cycle promoter that lies within the LTE region when the LTE element is placed in the forward or natural direction. We first hypothesized that this function could originate from the LAP2 sequence, since it has already been described as a promoter. Alternatively, a TATA box consensus sequence located within the 2.0-kb intron could also promote transcription, especially during productive infection, when viral transactivation occurred. We showed that removal of the 5Ј end or the 3Ј end of the LTE element completely abolished the promoter activity. These results indicated that each half of the LTE sequence is not sufficient to promote gene expression during productive infection in vitro. Therefore, it is likely that several elements are required, which are present on each half of the LTE. One possibility is that these elements span the entire LTE region, which is doubtful, as we would probably obtain an intermediate level of transcription with at least one end, 5Ј or 3Ј of the LTE element. Alternatively, if the LAP2 sequence were to carry the promoter activity linked to the LTE sequence, our results would suggest that an essential part of the LAP2 promoter lies downstream of the NheI site of the LTE element. In fact, the study performed to characterize the LAP2 promoter in vitro used plasmids containing deletions from the 5Ј end of or within LAP2 (16) . However, the segment downstream from the initiation site of transcription was not studied, although the region used in these constructs ended at a PpuMI site 42 bp downstream from the ϩ1 site. Thus, if this sequence is crucial for the initiation of transcription from the LAP2 promoter, our NheI-HpaI deletion, which removed this small part (leaving 4 bp after the ϩ1 site intact), would therefore abrogate any activity from the LAP2 promoter.
Altogether, our data showed that the 5Ј end of the LTE sequence, corresponding to practically the entire LAP2 region, seemed to contain multiple functions which can function alternatively during acute or latent infection. We demonstrated that the enhancer activity required the entire 5Ј end segment of the LTE element and colocalized with the long-term expression function. Further work based on mutagenesis of the different motifs that we have identified in this region will be necessary to define more precisely which of these motifs are required for these different activities.
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